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Abstract
One of the noncellular microenvironmental factors that contribute to malignancy of solid tumors is acidic peri-
tumoral pH. We have previously demonstrated that extracellular acidosis leads to localization of the cysteine pro-
tease cathepsin B on the tumor cell membrane and its secretion. The objective of the present study was to
determine if an acidic extracellular pH such as that observed in vivo (i.e., pHe 6.8) affects the activity of proteases,
e.g., cathepsin B, that contribute to degradation of collagen IV by tumor cells when grown in biologically relevant
three-dimensional (3D) cultures. For these studies, we used 1) 3D reconstituted basement membrane overlay
cultures of human carcinomas, 2) live cell imaging assays to assess proteolysis, and 3) in vivo imaging of active
tumor proteases. At pHe 6.8, there were increases in pericellular active cysteine cathepsins and in degradation of
dye-quenched collagen IV, which was partially blocked by a cathepsin B inhibitor. Imaging probes for active
cysteine cathepsins localized to tumors in vivo. The amount of bound probe decreased in tumors in bicarbonate-
treated mice, a treatment previously shown to increase peritumoral pHe and reduce local invasion of the tumors.
Our results are consistent with the acid-mediated invasion hypothesis and with a role for cathepsin B in promoting
degradation of a basement membrane protein substrate, i.e., type IV collagen, in an acidic peritumoral environment.
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Introduction
Reprogramming of energy metabolism is one of two emerging cancer
hallmarks that have been added to the original six hallmarks of cancer
[1]. The concept that metabolism is altered in cancer dates back to the
observation made by Otto Warburg that tumor cells exhibit increased
glucose fermentation despite the presence of oxygen [2]. Byproducts
of elevated glycolytic activity result in an acidic extracellular pH (pHe)
that is heterogeneous within a tumor and changes during tumor pro-
gression [for review, see [3]]. Acidification has been attributed to a
combination of factors including chaotic tumor vasculature, increased
glycolysis, and diminished buffering capacity of tumor interstitial
fluids. These factors lead to high concentrations of extracellular lactic
acid, which may be toxic to normal and cancer cells. Many cancer cells
acquire acid-resistant phenotypes that allow them to survive and pro-
liferate when the pHe is acidic [4].
Acidification of the tumor microenvironment has been shown to
increase invasiveness and metastasis, leading to the mathematically
modeled and tested hypothesis that acidification is critical to an inva-
sive phenotype [5,6]. According to this hypothesis, acidification
occurs as a result of glycolysis both in the presence of oxygen (Warburg
effect) and during intermittent hypoxia, causing toxicity in the sur-
rounding normal stroma and thereby providing empty space for tumor
cell proliferation and invasion. Acidosis or elevated glycolysis has been
shown to persist in areas of adequate oxygen supply [7–9]. Treatment
of mouse models with orally available buffers neutralized intratumoral
pH and reduced spontaneous and experimental metastasis [10,11]. The
elevation of tumoral pHe was shown to reduce the activity of cathepsin
B, a lysosomal cysteine protease that has an acidic pH optimum [11].
Proteases have been implicated in every stage of cancer progres-
sion, from initiation and growth to invasion and metastasis [12].
Cysteine cathepsins participate in proteolytic networks that mediate
cancer progression [for reviews, see [13,14]]. We now hypothesize
that analyzing cells cultured at neutral pH may have overemphasized
the role of proteases that have neutral pH optima. As the acidifica-
tion of the tumor microenvironment could favor the activity of pro-
teases such as cysteine cathepsins that normally function at an acidic
pH, this led us to reexamine proteolysis and the proteases that are
secreted and active at the acidic pHe surrounding solid tumors.
For these studies, we used a three-dimensional (3D) reconstituted
basement membrane (rBM) overlay model that provides a context
for mechanisms critical to both mammary gland development and
neoplastic processes, as has been described [for reviews, see
[15,16]]. We are building on previous studies that have shown that
an acidic pHe leads to lysosomal redistribution and secretion of
cathepsin B by malignant cells [17]. Our study confirms that cathepsin B
is active pericellularly in 3D cultures of breast and colon carcinoma cells
and is one of the proteases that participate in the enhanced degradation
of collagen IV observed at an acidic pHe.
Materials and Methods
Materials
DMSO, Dulbecco’s modified Eagle’s medium (DMEM), Hepes,
NaHCO3, Pipes, and all other chemicals not otherwise noted were
obtained from Sigma (St Louis, MO). FBS was purchased from
Hyclone (Logan, UT), CA074 and E64 from Peptides International
(Louisville, KY), Z-Arg-Arg-NHMec from Bachem (Torrance, CA),
pimonidazole HCl fromHypoxyprobe (Burlington, MA), and Ventana
OmniMap anti-Rb HRP from Roche (Indianapolis, IN). rBM: in vitro
studies used reduced growth factorCultrex fromTrevigen (Gaithersburg,
MD); in vivo studies used Matrigel (BD Biosciences, San Jose, CA).
Click-iT EdU (5-ethynyl-2′-deoxyuridine) microplate assays, dye-
quenched collagen IV (DQ-collagen IV), CellTracker Orange,
Hoechst 33342, live/dead assay kit, 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT), and trypsin EDTA were pur-
chased from Life Technologies (Grand Island, NY). Pierce Protein A/G
Plus Agarose beads (Thermo Scientific, Rockford, IL) and anti-rabbit
cathepsin B, anti-rabbit pre-immune IgG [18], anti-rabbit cathepsin S
(a kind gift ofDr Boris Turk, Jozef Stefan Institute, Ljubljana, Slovenia),
and anti-rabbit cathepsin L (a kind gift of Dr Ekkehard Weber, Martin
Luther University, Halle, Germany) antibodies were used for immuno-
precipitation. GB123, an activity-based probe (ABP) for cysteine
cathepsins [19], was provided by DrMatthew Bogyo (Stanford Univer-
sity, Palo Alto, CA).
Tissue Culture
Low passages of MDA-MB-231 [American Type Culture Collection
(ATCC), Manassas, VA] and MDA-MB-231 stably transfected with
red fluorescent protein (RFP) and luciferase [11], and HCT116
(ATCC) and Hs578T (ATCC) cells were maintained in phenol red–
free DMEM supplemented with 10% FBS and penicillin/streptomycin
at pH 7.4 for no more than 4 weeks. Cells were monitored by micros-
copy to confirm that they maintained their original morphology and
were regularly screened for mycoplasma by microscopy (MycoFluor;
Life Technologies) and reverse transcription–polymerase chain reac-
tion (LookOut; Sigma). Media for pH experiments were additionally
buffered to maintain pH 7.4 or 6.8 with 2 g/l sodium bicarbonate,
25 mM Pipes, and Hepes and then incubated overnight at 37°C in
5%CO2 [11] and adjusted to either pH7.4 or 6.8. Cultures weremain-
tained in humidified conditions under atmospheric oxygen levels and
5% CO2. For subculturing, cells were detached from uncoated tissue
culture flasks with 0.05% trypsin EDTA.
Live Cell Assays for Proteolysis and Active Cysteine Cathepsins
A detailed protocol for the live cell proteolysis assay has been pub-
lished [20]. Briefly, glass coverslips in 35-mm dishes were coated
with 45 μl of Cultrex containing 25 mg/ml DQ-collagen IV and
placed in a 37°C incubator for 10 minutes to allow solidification.
Approximately 50,000 cells were seeded on top of the Cultrex and
incubated at 37°C and pH 7.4 for 30 to 60 minutes until adherent,
at which point either pH 7.4 or 6.8 culture media containing 2%
rBM were applied. Media were changed the following day. For in-
hibitor studies, 20 μM CA074/E64 or an equal volume of diluent
(DMSO) was added to the Cultrex before solidification as well as
to the medium overlay. To visualize active cysteine cathepsins in
the 3D cultures, 1 μMGB123, an ABP [19], was added to the media
16 to 18 hours before imaging. Cells were washed in phosphate-
buffered saline (PBS) to remove any unbound probe and returned
to probe-free complete growth medium at either pH 7.4 or 6.8 for
at least 1 hour before imaging. After nuclei were labeled with Hoechst
33342, imaging was performed with a Zeiss LSM 510 META NLO
confocal microscope using a 40× water-dipping objective. Under all
conditions, the parameters for acquisition of images were identical
(laser power, detector gain and offset, and so on). Quantification by
the software is based on true pixel intensities, which are raw data from
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each confocal slice in a volume and always below saturation. The
images represented in the figures are rendered in 3D and thus show
an additive effect of pixel intensities that depend on the angle of view,
which may result in what appears to the naked eye to be pixel satu-
ration. The intensity of the fluorescent signal per cell was measured
using MetaMorph and Volocity software. Localization of active cys-
teine cathepsins was determined using MetaMorph software [20].
Either RFP expression or CellTracker Orange staining was used to
determine the cell boundaries in each confocal slice. Cell boundaries
were subtracted from the signal for total bound GB123 in each con-
focal slice to determine the amount of pericellular signal and quanti-
fied in the entire 3D volume.
Fluorometric Activity Assay for Cathepsin B
After growing the cultures at pH 7.4 or 6.8, cathepsin B activity
(active and latent) in MDA-MB-231 cell lysates and conditioned
media was assessed using Z-Arg-Arg-NHMec, a selective cathepsin
B substrate, as previously described [21]. To measure intracellular
and membrane-bound cathepsin B activities, 50 μl of sample was
treated with 300 μl of activator buffer (5 mM EDTA, 10 mM
DTT, pH 5.2) for 15 minutes at 37°C. To measure secretion of
procathepsin B, activation was accomplished with dextran sulfate
[22]. Briefly, 50 μl of conditioned media was mixed with 300 μl
of citrate buffer [20 mM citrate buffer (pH 4.6), 10 mM DTT,
and 25 μg/ml dextran sulfate] and incubated for 45 minutes at
37°C, then added in triplicate to a 96-well flat-bottom black micro-
titer plate. For cell lysates, 100 μl of cell lysate/activator buffer
mixture was added to 200 μl of appropriate assay buffer containing
50 μMZ-Arg-Arg-NHMec, and fluorescence was measured at 1-minute
intervals for 30 minutes using a TECAN SpectraFluor Plus plate
reader (Salzburg, Austria) at an excitation of 360 nm and an emis-
sion of 465 nm; activity was reported as picomoles of NHMec
formed per minute per microgram of DNA. The highly selective
cathepsin B inhibitor CA074 (10 μM) was used to confirm the spec-
ificity of the assay [23].
Immunoprecipitation of ABP-Bound Cysteine Cathepsins
MDA-MB-231 cells were grown in 3D rBM overlay cultures,
and the day before collection, media were changed to serum-free
with the addition of 1 μM GB123. On the next day, after washing
with PBS and sitting in complete media for an hour, cell lysates
were collected in ice-cold RIPA buffer [50 mM Tris-HCl (pH 7.4),
150 mM NaCl, 5 mM EDTA, 0.5% deoxycholate, and 0.1% sodium
dodecyl sulfate (SDS)]. Anti-rabbit cathepsin B (1:500), anti-rabbit
pre-immune IgG (1:500), anti-rabbit cathepsin S (1:250), and anti-
rabbit cathepsin L (1:250) were individually added and mixed at 4°C
overnight. Pierce Protein A/G Plus Agarose beads (30 μl) were then
added and mixed overnight at 4°C for an additional 30 minutes at
room temperature. Supernatants and beads were collected, and
the beads were washed with RIPA buffer and boiled after addition
of 2× sample buffer (20% glycerol, 100 mM Tris-HCl, pH 6.8, 6%
SDS, and 10% β-mercaptoethanol). Acetone at 0°C was added to
the supernatant, and the mixture was kept at −80°C for 2 hours
and centrifuged at 14,000g at 4°C for 30 minutes; the pellet was
air-dried at room temperature and dissolved by boiling in sample
buffer. Immunoprecipitated proteins and supernatants were sepa-
rated on 12% SDS–polyacrylamide gel electrophoresis, and the gels
were visualized using a charge-coupled device (CCD) camera–equipped
Bio-Rad VersaDoc 5000MP imager (excitation/emission, 633/680 nm).
Animals
Mice were housed according to Institutional Animal Care and
Use Committee protocol at the University of South Florida vivarium
located within the H. Lee Moffitt Cancer Center (Tampa, FL).
Four- to 6-week-old female SCID-beige mice (Charles River Labo-
ratories, Wilmington, MA) were used for fluorescent imaging of
orthotopic tumors.
In Vivo Imaging of Active Cysteine Cathepsins
SCID mice (n = 7) were separated into two cohorts before cell
injection and were provided either tap (n = 3) or 400 mM sodium
bicarbonate (n = 4) drinking water. In preparation for injection,
the MDA-MB-231 cells were trypsinized and washed once with
PBS. Cells were resuspended at a concentration of 1 × 107 cells/
100 μl in a 1:1 mixture of PBS and Matrigel and injected into the
right, number 4 mammary fat pad of each mouse. Tumors were
monitored by caliper measurements, and when tumors reached
∼400 mm3, animals were imaged. Eighteen hours before imaging,
25 nmol of GB123 was injected intravenously into mice [19].
In vivomeasurements were obtained using an Optix MX3 (Advance
Research Technologies, a subsidiary of SoftScan Healthcare Group,
Montreal, Canada). Fluorescent images were acquired using a 670-nm
pulsed laser diode and a scan resolution of 1.5 mm. Images were
analyzed using Optix MX3 OptiView software.
Immunohistochemistry of Orthotopic Tumors
Pimonidazole HCl (60 mg/kg; Hypoxyprobe) was injected into
the peritoneal cavity 1 hour before tumor removal. MDA-MB-
231–RFP tumors were formalin fixed and paraffin embedded (FFPE)
for immunohistochemical analysis. FFPE cross sections were stained
with rabbit anti-sera against pimonidazole HCl followed by Ventana
OmniMap anti-rabbit HRP secondary antibody. The detection sys-
tem used was the Ventana ChromoMap Kit, and slides were then
counterstained with hematoxylin. Processed slides were scanned using
the Aperio ScanScope XT with a ×200/0.8 NA objective lens at a rate
of 5 minutes per slide using the Basler trilinear array (Aperio Tech-
nologies, Vista, CA).
Pimonidazole HCl was used to identify hypoxic areas. However, it
does not stain necrotic tissue because of the lack of viable cells,
although likely hypoxic. To segment viable and nonviable tissues,
an optimized Aperio Genie v1 customized histology pattern recogni-
tion algorithm was developed to distinguish between tissue types
based on various morphologies. The algorithm was applied to the
entire slide’s digital image to determine the percentage of each tissue
type (viable or nonviable) by area (μm2). Intensity analysis of pimoni-
dazole HCl in viable tissue was performed using an Aperio Positive
Pixel Count v9.0 algorithm with the following optimized thresholds
to segment positive pixels of various intensities: HueValue = 0.1,
HueWidth = 0.5, Iwp (High) = 220, Iwp (Low)/Ip (High) = 175,
Ip (Low)/Isp (High) = 100, Isp (Low) = 0, Inp (High) = −1. The per-
centage of positivity was quantified by the number of cells exhibiting
positive stain as a percentage of total viable tumor cell count. The
staining intensity can be thresholded into negative (0), low (1+),
moderate (2+), and strong positive (3+) by mean stain density
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(0–255 dynamic range) for each tumor cross section. Positive pixel
analysis was completed using Spectrum (Aperio Technologies).
Statistical Analysis
Statistical significance was determined by a two-tailed unpaired
Student’s t-test, unless otherwise noted.
Results
Live Cell Imaging of 3D rBM Overlay Cultures Confirms
Presence of Active Proteases and Proteolysis
To test our hypothesis that an acidic pHe enhances proteolytic
activity and degradation of the basement membrane, we grew
MDA-MB-231, a triple negative human breast cancer cell line, in
3D rBM overlay cultures, following our previously described methods
[24]. A quenched fluorescent form of the basement membrane
protein type IV collagen, i.e., DQ-collagen IV, was used to detect
general proteolysis. The ABP GB123, which covalently binds to
the active site [19], was used to detect active cysteine cathepsins.
We illustrate live cell imaging of degradation products of DQ-
collagen IV (Figure 1, A and C ) and labeling of active cysteine
cathepsins with GB123 (Figure 1, A and D) and nuclei with Hoechst
33342 (Figure 1B) in MDA-MB-231 3D rBM overlay cultures. We
use this methodology to examine differences in DQ-collagen IV
degradation and in active cysteine cathepsins, including their local-
ization, at an acidic (6.8) compared to a neutral (7.4) pHe.
Acidic pHe Enhances Degradation of Collagen IV
A pHe of 6.8 was chosen as our test condition based on literature
reports on the acidic pHe present in breast cancers and xenograft
models [3]. In MDA-MB-231 3D rBM overlay cultures, we ob-
served accumulation of degradation fragments of the basement
membrane protein substrate at both pHe 7.4 (Figure 2, A, C ,
and E ) and 6.8 (Figure 2, B, D, and F ) over a period of 3 days.
More extensive pericellular degradation products of DQ-collagen
IV were observed at pHe 6.8 (Figure 2, B, D, and F ). Additional
perspectives of the differences in degradation between neutral and
acidic pHe (Figure 2, A and B) can be viewed in Movies W1 and
W2. This effect was verified in 3D cultures of a second triple-
negative breast cancer cell line, Hs578T, and also in HCT116
Figure 1. Active cysteine cathepsins and degradation fragments of DQ-collagen IV could be detected in breast carcinoma cells grown in 3D
rBM overlay cultures. (A) 3D reconstruction of optical sections taken through the entire volume of an MDA-MB-231 3D culture: with red
representing RFP in the cytoplasm; blue representing Hoechst 33342-stained nuclei; green representing degradation products of DQ-
collagen IV; and cyan representing GB123 bound to active cysteine cathepsins. (B) Illustration of spatial separation in 3D of nuclei for
enumeration. (C and D) In single optical sections through the equatorial plane, fluorescencewas evenly increased to visually differentiatewith
mask (white), illustratingmeasuredDQ-collagen IV degradation fragments andABPs bound to cysteine cathepsins, respectively. Bar, 22.6μm.
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colon carcinoma cells. HCT116 cells have previously been shown
to acidify the tumor microenvironment similarly to MDA-MB-231
cells [25]. The percentage increases in DQ-collagen IV degradation
products, normalized to cell number, at pHe 6.8 for MDA-MB-231,
HS578T, and HCT116 3D cultures are shown in Figure W1. There
was a significant increase in DQ-collagen IV degradation products
at the acidic pHe for MDA-MB-231 and HCT116 3D cultures
and a trend toward increased DQ-collagen IV degradation products
at the acidic pHe for Hs578T 3D cultures (P = .10). To rule out a
direct effect of acidic pHe on the stability of DQ-collagen IV,
Figure 2. Degradation of DQ-collagen IV was greater at an acidic pHe. Left (A, C, and E) and right (B, D, and F) panels depict 3-day
cultures of MDA-MB-231 cells grown in 3D rBM overlay cultures at pHe 7.4 and 6.8, respectively. A and B represent the entire 3D
volume showing cells (red), degradation products of DQ-collagen IV (green), and nuclei (blue). C and D represent degradation products
of DQ-collagen IV in the entire 3D volume. E and F represent intensity maps of the degradation products in C and D (white, most intense;
violet, least intense). Images depicted represent the average fluorescence intensity of DQ-collagen IV degradation products per cell
obtained in 14 to 15 images at the two pHs; bar, 22.6 μm.
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coverslips coated with rBM were incubated as above but without
cells; degradation products were not observed at either acidic or
neutral pH (Figure W2).
Human Carcinoma Cells Exhibit an Acid-Resistant Phenotype
in 3D rBM Overlay Culture
To exclude possible effects of acidic pHe on proteolysis due to dif-
ferences in proliferation and viability, we analyzed 3D rBM overlay
cultures of theMDA-MB-231, Hs578T, and HCT116 carcinoma cells
for an acid-resistant phenotype. We did not observe any differences in
proliferation of MDA-MB-231 cells as assessed by Click-iT EdU and
MTT assays (Figure W3, A and B) or in cell viability as measured by
a live/dead assay (Figure W3C ). Similar results were observed using
the Click-iT EdU and viability assays for Hs578T and HCT116 cells
(data not shown). Thus, under the conditions of our 3D cultures, we
established that MDA-MB-231, Hs578T, and HCT116 carcinoma
cell lines exhibit an acid-resistant phenotype.
Acidic pHe Increases Procathepsin B and Active Cathepsin B
Previous studies on 2D cultures have demonstrated that an acidic
pHe results in a peripheral distribution of cathepsin B intracellularly
as well as cathepsin B secretion [17]. In the present study, we found
that cathepsin B activity was slightly, yet significantly increased in
lysates of MDA-MB-231 cells grown in 3D rBM overlay culture at
pHe 6.8 (Figure 3A; P = .046). Secretion of procathepsin B (dextran
sulfate activated) was also significantly increased (P = .02), as assessed by
assaying cathepsin B activity in the conditioned media (Figure 3B).
Activity was eliminated by CA074, a highly selective cathepsin B inhib-
itor, confirming the specificity of the assay for cathepsin B [23].
Inhibition of Cathepsin B Decreases Degradation of
Collagen IV
To determine whether increased cathepsin B activity at pHe 6.8 con-
tributed to the enhanced degradation of DQ-collagen IV, as shown in
Figure 2, we determined the effect of inhibiting cathepsin B activity with
CA074, a cell impermeable inhibitor. At both pHe 7.4 (Figure 4,A andC)
and 6.8 (Figure 4, B and D), inhibition of cathepsin B reduced the
accumulation of degradation fragments of DQ-collagen IV (cf. Figure 4,
A and B with C and D; also see Movies W3–W8). Proteolysis was sig-
nificantly reduced, but not completely abrogated, by CA074 at both
pHe 7.4 (Figure 4E ; P = .004) and 6.8 (Figure 4F ; P = 1E−7). The
reduction in proteolysis at pHe 6.8 was 12% greater than at pHe 7.4,
consistent with cathepsin B contributing to the enhanced degradation
of DQ-collagen IV at pH 6.8. Reduced proteolysis was not due to cell
death, as assessed by a live-dead assay (data not shown). Our results sug-
gest that cathepsin B is among the proteases contributing to degrada-
tion of the basement membrane protein collagen IV at both neutral
and acidic pHe.
At Acidic pHe, Bound GB123 Is Pericellular
We have shown that we can visualize active cysteine cathepsins in
3D rBM overlay cultures of live breast carcinoma cells using GB123,
an ABP that binds covalently to the active site of the cysteine cathepsins
B, L, and S (e.g., see Figure 1). Here, we used this same ABP to deter-
mine the effect of an acidic pHe on the localization of active cysteine
cathepsins. We observed a significant increase in total bound GB123
at pHe 6.8 for MDA-MB-231 cells (cf. Figure 5B with Figure 5A) as
well as for Hs578T and HCT116 cells (Figure W4). In normal cells,
cysteine cathepsins are localized intracellularly in lysosomes; how-
ever, in tumor cells cysteine cathepsins may be found in lysosomes,
secreted or bound to the cell surface [14]. We have previously shown
that an acidic pHe increases the secretion and cell surface association
of cathepsin B in malignant cells grown in monolayer culture [17].
Here, we determined whether pHe 6.8 altered distribution of cysteine
cathepsins in our 3D rBM overlay cultures. We used image arithmetic
in MetaMorph as described previously [20] to quantify intracellular
and extracellular fluorescence of bound GB123. There was a signifi-
cant increase in GB123 bound (i.e., active cysteine cathepsins) peri-
cellularly in MDA-MB-231 3D cultures at pHe 6.8 (cf. Figure 5D with
Figure 3. Cathepsin B activity was increased at acidic pHe. MDA-MB-231 cells were grown in 3D rBM overlay cultures at pHe 7.4 or 6.8
and then serum starved (0.2% FBS) for 24 hours in media buffered at either pH 7.4 or 6.8. Cell lysates (A) and conditioned media (B) were
analyzed for activity of cathepsin B and dextran sulfate–activated procathepsin B, respectively, using, Z-Arg-Arg-NHMEC. Activity was
completely abrogated by 10 μM CA074 (I) versus vehicle control (V), thus confirming the specificity of the assay. Data were normalized
to DNA and are scaled to activity at pH 7.4, designated as 100%; *P ≤ .05.
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Figure 4. Degradation of DQ-collagen IV was reduced by inhibition of cathepsin B. MDA-MB-231 cells (red) were grown at pHe 7.4 (A, C)
or 6.8 (B, D) in 3D rBM overlay cultures in the presence (C, D) or absence (A, B) of CA074. Degradation products of DQ-collagen IV
(green) were present in DMSO vehicle controls (A, B) and reduced in the presence of the cathepsin B inhibitor (C, D). Images were
chosen as ones representing the average fluorescence intensity of degradation products of DQ-collagen IV per cell (nuclei, blue);
bar, 22.6 μm. DQ-collagen IV degradation products were quantified on a per cell basis in the entire 3D volume for pHe 7.4 vehicle
(V) and CA074 (I) (E) and 6.8 vehicle (V) and CA074 (I) (F). Values represent percentage of DMSO vehicle controls (100% ± SEM);
n ≥ 3 independent experiments with 13 to 19 images analyzed per condition; **P ≤ .01 and ***P ≤ .001.
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Figure 5, C and G ). Significant increases in pericellular GB123 were
also observed in HCT116 and Hs578T cultures (Figure W4). As
this is, to our knowledge, the first time that GB123 has been used to
detect active cysteine cathepsins pericellularly, we employed the broad-
spectrum cysteine protease inhibitor, E64, to confirm that the bound
GB123 was detecting active cysteine proteases pericellularly. At
pHe 6.8, we again observed significantly greater total and pericellular
bound GB123 (cf. Figure 6B with Figure 6A). Pericellular bound
GB123 was adjacent to the cells, consistent with the known mem-
brane association of cysteine cathepsins in tumors [14] and with the
removal of active non–cell-associated cysteine cathepsins bound to
GB123 by washing. The increase in bound GB123 at pHe 6.8 was
reduced by E64, confirming that GB123 was detecting active cysteine
proteases. To determine which of the cysteine cathepsins known to be
Figure 5. Total and pericellular active cysteine cathepsins were increased at pHe 6.8. Active cysteine cathepsins were labeled, using
GB123 (cyan), in the entire volume of 3D rBM overlay cultures of MDA-MB-231 cells (red) grown at pH 7.4 (left panels) and pH 6.8 (right
panels). The amount of total bound GB123 is shown in the upper panels (A, B), pericellular bound GB123 in the middle panels (C, D),
and intracellular bound GB123 in the bottom panels (E, F). Images depicted represent the average fluorescence intensity of bound
GB123 per cell; bar, 22.6 μm. (G) Graphs depict average fluorescence intensity of bound GB123 per cell ± SEM at pHe 7.4 and
6.8 ; n ≥ 3 independent experiments with an average of 26 images analyzed per condition; **P ≤ .01 and ***P ≤ .001.
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Figure 6. Pericellular bound GB123 was reduced by E64, a broad-spectrum inhibitor of cysteine proteases. Active cysteine cathepsins were
labeled, using GB123 (cyan), in the entire 3D volumes of 3D rBM overlay cultures of MDA-MB-231 cells (red) grown at pHe 7.4 (A, C) or 6.8
(B, D). Upper (A, B) and lower (C, D) images represent vehicle (DMSO) controls and E64, respectively. Images depicted represent the average
intensity of pericellular bound GB123 per cell; bar, 22.6 μm. (E) Graph illustrates average integrated intensity ± SEM of total, pericellular, and
intracellular bound GB123 at pHe 7.4 vehicle and E64 and pHe 6.8 vehicle and E64 ; n≥ 3 independent experiments with an
average of 19 images analyzed per condition. Analysis of variance with Tukey post-test for multiple comparisons was used to determine
significance; ***P ≤ .001.
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detected by GB123 [19] were present in our 3D rBM overlay cultures,
we subjected cell lysates to immunoprecipitation using antibodies to
cathepsins B, L, and S. We detected binding of GB123 to cathepsin
B and cathepsin L but were unable to detect binding of GB123 to
cathepsin S (Figure W5). These results would be consistent with active
cysteine cathepsins detected by GB123 in the 3D cultures at an acidic
pHe, being cathepsins B and L.
GB123 Is Detected in Tumors In Vivo
Our previous studies have show that, without affecting systemic
pH, imbibement of sodium bicarbonate is able to neutralize inter-
tumoral pHe and reduce spontaneous metastasis [11]. To test our
hypothesis that the acidic tumor microenvironment enhances cysteine
cathepsin activity in vivo, we measured GB123 intensity values in
acidic or bicarbonate-neutralized orthotopic MDA-MB-231 tumors
(Figures 7A and W6). The cohort sample was small, and in addition,
one of the tumors in a bicarbonate-treated mouse became severely
ulcerated and could not be used for this analysis. Nonetheless, despite
the small sample size, there was a significant decrease in bound GB123
with sodium bicarbonate imbibement (Figure 7B). The viable tissue
in the control group decreased due to the combination of acidosis
and hypoxia (Figure W7) but not the amount of hypoxia (Figure 7,
C and D). Our results suggest an increase in active cathepsin B and
other cysteine cathepsins in acidic environments in vivo, as detected by
the intensity of tumor binding of GB123.
Figure 7. In vivo buffering of tumor pHe reduced tumor binding of GB123. (A) Enlarged representative fluorescent images, from the
six shown in Figure W6, of MDA-MB-231 orthotopic tumors showing retention of GB123 18 hours post-injection. (B) Average normalized
counts of GB123 retained in MDA-MB-231 orthotopic tumors ± SEM; a one-tailed unpaired t test was used to determine significance,
P = .03. (C) Representative images of positive pixel analysis of viable stained tissue illustrating intensity of pimonidazole staining: blue
is negative staining, orange is moderate staining, red is strong positive staining, and gray is nonviable tissue. Inset shows immuno-
histochemistry of pimonidazole staining used for analysis. Size markers in both are equal to 1 mm. (D) Quantification of pimonidazole
staining in FFPE tumors, reported as number of strong positive pixels per number of pixels of viable tissue ± SEM; P = .086.
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Discussion
The acid-mediated invasion hypothesis is supported by a large
quantity of correlative data, including 1) reaction diffusion modeling
[26], 2) increased metastasis formation following acid pretreatment
[27–29], 3) peritumoral acidosis measured by intravital microscopy
[5,25], and 4) inhibition of spontaneous and experimental metas-
tases following acid neutralization with buffers [10,11,30,31]. Prior
experiments have shown that low pH is associated with increased
protease activity [32] and increased release of active cysteine cathepsins
in 2D culture models [11,17]. This increase in active proteases may
enhance invasion because invasion of cancer xenografts has been
shown to occur more often in regions in which the pHe is acidic
[25]. The possibility that cysteine cathepsins facilitate acid-mediated
invasion is supported by prior work demonstrating that an acidic
pHe induces redistribution of endosomes and lysosomes to the cell
surface and increases release of cysteine cathepsins [17,33,34]. Here,
we show by labeling with ABPs and inhibitors that are selective for
cysteine cathepsins, notably for cathepsin B, that cysteine cathepsins
are involved in acid-mediated degradation of the basement mem-
brane protein type IV collagen. This study shows, for the first time,
detection of pericellularly ABP-bound cysteine cathepsins in the 3D
cultures of breast and colon carcinoma cells and a significant in-
crease in detection of ABP-bound cysteine cathepsins at pHe 6.8
(Figures 5 and W4). This may reflect 1) the extensive invasive
processes on these cells, processes with a large surface area for
the binding of membrane-associated cysteine cathepsins such as
cathepsin B [14]; 2) the acid resistant-phenotype of these cells; and
3) retention pericellularly of secreted cysteine cathepsins by the
matrix used for the 3D rBM overlay cultures. The pattern of peri-
cellular degradation that one can see in Figures 2 and 4 would
be consistent with an active role for the cell surface degradation of
DQ-collagen IV, including by cathepsin B associated with the light
chain of the annexin II heterotetramer in caveolae [21,35] and on
invadopodia [35,36].
The exact effects of acidic pHe are still unknown. As the invasive
breast cancer cells are acid resistant (Figure W3) and can maintain
a neutral intracellular pH even in the face of low pHe [36], we
do not suspect that the response to an acidic pHe is transduced
through a lowering of cytosolic pH. Rather, we hypothesize that
there is an increase in fusion of secretory lysosomes with the plasma
membrane and release of their contents. One of the classic examples
of cells that contain secretory lysosomes is the osteoclast [37]. At
the site of bone degradation, osteoclasts generate resorption lacunae
that become highly acidified (pHe ∼ 4.7) through fusion of lyso-
somes with the plasma membrane. This is a result of insertion of
lysosomal vacuolar H+-ATPases into the plasma membrane and is
accompanied by release of cathepsin K, a cysteine protease essential
for bone degradation [38]. In MDA-MB-231 breast cancer cells,
vacuolar H+-ATPases are highly expressed on the cell surface and
are linked to their invasiveness [39], just as observed here for active
cysteine cathepsins.
Recently, a number of acid-stimulated ion channels (ASICs) have
been identified, which can transduce acidic pHe through inositol
trisphosphate/phosphoinositide 3-kinase (PI3K) pathways and increase
calcium and cyclic adenosine monophosphate signaling [40]. Inter-
estingly, metastatic cancer-associated bone pain, including in breast
cancer, has been linked to signaling through ASICs; in this case, the
ASICs are on neurons that innervate bone and respond to the acidic
pHe produced by osteoclasts involved in bone resorption by the
metastatic cancer cells [41]. ASICs are part of the superfamily of
epithelial sodium channel (ENaC)/degenerin cation channels. ASICs
and ENaCs are regulated by proteolysis, including by membrane-
anchored serine proteases [42]. ENaCs are also regulated by cysteine
cathepsins, specifically by cathepsins B and S [43,44]. Neither regula-
tion of ASICs by cysteine cathepsins nor regulation of both ENaCs
and ASICs by cysteine cathepsins has, to our knowledge, been studied
in cancer cells. Steffan et al. have shown in prostate cancer cells that
an acidic pHe initiates lysosomal trafficking to the plasma membrane,
cathepsin B secretion, and increased invasion dependent on micro-
tubules, RhoA, and PI3K [34]. Other cell types such as bone marrow–
derived macrophages respond to extracellular acidosis by increasing
endocytosis through an ASIC-mediated mechanism [45]. Tumor
macrophages secrete proteases and cytokines and accumulate in regions
of hypoxia and necrosis; whether ASICs are involved and endocytosis
altered has not been studied to our knowledge [46]. On the basis of this
series of observations and the current work, we propose a model wherein
extracellular acidosis is transduced through ASICs into a signal imping-
ing on the PI3K pathway, microtubules, and RhoA to promote the
redistribution of a lysosomal population. This, in turn, results in the
release of cathepsin B and other lysosomal proteases at the acidic and
invasive edges of tumors.
In accordance with the acid-mediated invasion hypothesis, the pres-
ent study and other studies have shown that an acidic pHe increases
expression and activity of matrix-degrading proteases such as the
cysteine cathepsins B and L and matrix metalloprotein-2 (MMP-2)
and MMP-9 [35]. Cathepsin B secreted through microvesicles or
exosomes has been reported at acidic pHe to induce greater activation
of latent MMPs and to potentiate endothelial cell invasion and angio-
genesis [47,48]. Here, we have shown a dramatic increase in general
proteolysis at an acidic pHe (Figure 2), consistent with participation
of multiple proteases in proteolysis at the acidic pHe. Resistance of
tumor cells to weakly basic chemotherapeutics is increased in vitro by
an acidic pHe [49], and the effectiveness of chemotherapy in mouse
models is reduced by the cysteine cathepsins B and S secreted by
tumor-associated macrophages [50]. These studies suggest that chemo-
therapy in combination with an agent that increases pHe (and thereby
indirectly reduces cysteine cathepsin activity) or in combination with
an agent that directly inhibits cathepsin B activity, such as the insulin-
like growth factor binding protein 4 (IGFBP-4) C-terminal protein
fragment [51], could be beneficial in the clinic. Indeed, we have shown
in mouse models that tap water supplemented with sodium bicar-
bonate, a systemic alkalizing buffer that increases pHe, decreases
metastasis [11] and improves response to chemotherapy [52]. Sodium
bicarbonate treatments to neutralize the acidic pHe have been inves-
tigated in phase I/IIa trials for bone pain (NCT01350583) and in
combination with gemcitabine for unresectable pancreatic cancer
(NCT01198821). Both of these trials have closed but are scheduled
to reopen as new trials pending reformulation to increase compliance.
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Supplemental Methods
Proliferation Assays
Cell proliferation was measured using a Click-iT EdU microplate
assay in which incorporation of the nucleoside analog, EdU, into
DNA during active DNA synthesis is assessed. For this assay, each
well of a 96-well plate was coated with 15 μl of Cultrex before adding
∼1500 cells per well. To each well, 200 μl of either pH 7.4 or 6.8
DMEM containing 2% Cultrex was added. On day 2, EdU was
added, and the next day, the assay was performed according to the
manufacturer’s protocols. Fluorescence values were read at 568/585
nm on a Gemini SpectraMax (Molecular Devices, Sunnyvale, CA).
Alternatively, we used MTT assays to assess proliferation. For this
assay, each well of a 96-well plate was coated with 15 μl of Cultrex
before adding ∼1500 cells per well, followed by 200 μl of either
pH 7.4 or 6.8 DMEM containing 2% Cultrex. On the day of the
assay, 50 μl of MTT (5 mg/ml) stock solution was added to each well
to a final concentration of 1 mg/ml MTT. The plate was incubated at
37°C for 3 hours to allow formation of the formazan crystal product.
Media were removed and replaced with 150 μl of DMSO while
shaking at room temperature. Absorbance values were read at 485 nm
on a TECAN SpectraFluor Plus.
Cell Viability Assay
Glass coverslips were coated with 45 μl of Cultrex and placed in a
35-mm dish. Approximately 5000 cells were seeded on the Cultrex
and covered with either pH 7.4 or 6.8 media containing 2% rBM.
Media were changed every 3 days. Coverslips were removed, placed
in a 24-well plate, and incubated with assay reagents (PBS containing
4 μM EthD-1 and 2 μM calcein AM) for 30 minutes. Six to eight
fields of view per coverslip were imaged at 485 and 530 nm. Calcein-
positive cells (green) were considered alive, and calcein-negative cells
(absence of green) were considered dead.
Movie W1. Animation of Figure 2A to allow the reader to view the image from multiple angles.
Movie W2. Animation of Figure 2B to allow the reader to view the image from multiple angles.
Figure W1. Quantification of DQ-collagen IV degradation products
on a per cell basis for MDA-MB-231, Hs578T, and HCT116 3D cul-
tures. Values represent percentage increase at pHe 6.8 over pHe
7.4 controls (0% ± SEM); n ≥ 3 independent experiments with an
average of 17 images analyzed per condition; ***P ≤ .001.
Figure W2. In the absence of cells, degradation products (green fluorescence) could not be observed at either pHe 7.4 or 6.8.
Figure W3.MDA-MB-231 cells in 3D rBM overlay cultures exhibited similar proliferation and viability at pHe 7.4 (white bar) and 6.8 (gray
bar), indicating an acid-resistant phenotype. Proliferation was assessed by two methodologies: (A) EdU incorporation and (B) MTT
assays. Viability was assessed by (C) live/dead assays. All data represent means ± SEM; n ≥ 3 independent experiments performed
in triplicate; P ≥ .05.
Movie W4. Animation of Figure 4B to allow the reader to view the image from multiple angles.
Movie W3. Animation of Figure 4A to allow the reader to view the image from multiple angles.
Movie W6. Animation of Figure 4D to allow the reader to view the image from multiple angles.
Movie W5. Animation of Figure 4C to allow the reader to view the image from multiple angles.
Movie W8. Animation of Figure 5B to allow the reader to view the image from multiple angles.
Movie W7. Animation of Figure 5A to allow the reader to view the image from multiple angles.
Figure W4. At acidic pHe, there was an increase in total and peri-
cellular bound GB123 in HCT116 and Hs578T 3D cultures. Graphs
depict average integrated intensity of total, pericellular, and intra-
cellular bound GB123 ± SEM at pHe 7.4 and 6.8 ; n ≥ 3
independent experiments with an average of 15 images analyzed
per condition. **P ≤ .01; ***P ≤ .001.
Figure W5. Immunoprecipitation of ABP-bound active cysteine
cathepsins visualized by in-gel fluorescence. Signals represent
covalent binding of GB123 to the active site of cysteine cathepsins
in lysates of 3D rBM overlay cultures of MDA-MB-231 cells. Lanes
represent supernatants after immunoprecipitation with preimmune
IgG (lane 2) or antibodies to cathepsins B (lane 4), S (lane 6), or
L (lane 8); pellets after immunoprecipitation with preimmune IgG
(lane 3) or antibodies to cathepsins B (lane 5), S (lane 7), or L (lane 9);
or molecular weight markers (lanes 1 and 10).
Figure W6. GB123 localizes to orthotopic MDA-MB-231 tumors in vivo. Images represent fluorescence of GB123 retained 18 hours
post-injection overlaid on tumor-bearing mice.
Figure W7. Segmentation of viable tissue. (A) Representative immunohistochemistry (IHC) staining of pimonidazole in orthotopic
MDA-MB-231 tumors from mice given tap water or water containing sodium bicarbonate to drink. (B) Computational segmentation
of viable (green) and nonviable (pink) tissues. (C) Positive pixel analysis of segmented viable tissue showing intensity of pimonidazole
staining: blue indicates negative staining, orange indicates moderate staining, and red indicates strong staining.
